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Microscopic calculations are reported of linear and quadratic nonlinear optical response in
Langmuir–Blodgett films. The films are modeled as ordered layers of molecules that can tilt from
the vertical and have a higher polarizability and first hyperpolarizability in the head than in the tail.
The local electric field varies little after the first layer and negligibly after the second, which
simplifies the analysis. Tilted two-layerY-type films can have quadratic susceptibility components
as large asX- or Z-type ones. Overall the results provide a systematic account of the linear and
nonlinear optical properties as a function of molecular and film structure that should assist
interpretation of experimental results. ©2000 American Institute of Physics.
@S0021-9606~00!70115-2#
I. INTRODUCTION
Langmuir–Blodgett films are often characterized by lin-
ear and nonlinear optical measurements. These serve two
main purposes. One is to assess the possible usefulness of the
films for applications, usually in nonlinear optics. The other
is to deduce information about molecular orientation in the
films. In either case, a microscopic theory of the optical re-
sponse is desirable. It provides an understanding that is help-
ful to guide preparation of films with improved properties for
applications and that is necessary to deduce reliable informa-
tion on molecular orientation.
The basic ingredients of the required microscopic theory
are well known. They are the molecular linear or nonlinear
optical response, described by the polarizability and hyper-
polarizability, and the local electric field in the film. The
molecular response is required relative to an axis system de-
fined relative to the film, typically withz-axis normal to the
layers. Molecules that form Langmuir–Blodgett films are
typically elongated and can often be treated as having
roughly axial symmetry. Then conversion of the molecular
response tensor components from the molecular axes to the
film axes depends only on the tiltu of the molecular long
axis away from thez-axis. Given the local field, the tilt angle
can be deduced by comparing the molecular and film re-
sponses. However, the local field is seldom treated rigor-
ously, and is often ignored.
A theoretical treatment of the linear optical response of
molecular layers was developed by Philpott.1 This relied on
summing dipolar interactions in a planewise fashion, which
shows that interactions between layers fall off exponentially
with separation.2,3 This work treated molecules as points and
was not applied to Langmuir–Blodgett films. Later work cal-
culated planewise dipole sums for molecules treated as sets
of points, showing that the exponential fall off set in only
four layers with at least one intervening layer. This approach
was extended to model Langmuir–Blodgett films and used to
calculate linear and nonlinear optical responses as a function
of tilt.4,5 The treatment ignored interactions between layers,
thus effectively treating only a monolayer, and assumed a
uniform distribution of response over the molecules. Further
work explored the effect of different nonuniform distribu-
tions of a fixed total polarizability on the linear optics of
Langmuir–Blodgett films.6
From this survey it is apparent that there are significant
gaps in our detailed understanding even of a highly simpli-
fied model Langmuir–Blodgett film. In particular, there are
no proper calculations for multilayers, and hence inadequate
insight into the differences betweenX-, Y-, andZ-type films.
Nor are there calculations for nonuniform hyperpolarizabil-
ity, which is likely to be significant for many typical film-
forming molecules designed to have a highly active chro-
mophore as the ‘‘head’’ with a relatively inactive elongated
‘‘tail.’’ The present article reports calculations that remedy
these omissions. We have explored the local fields, refractive
indices, and quadratic susceptibilities for model film struc-
tures of molecules with model responses as a function of the
angle of tilt, the number of layers, and the sequence of lay-
ers. Even this rather limited set of parameters generates ex-
tensive information that we analyze in order to bring out
generic features likely to be useful in interpreting the mea-
sured optical response of Langmuir–Blodgett films.
II. MODEL
The structure of one layer in a film is defined relative to
a reference structure in which the molecules are oriented
perpendicular to the layer. Two reference structures have
been used in previous work: one with triangular close pack-
ing and one with square packing,4–6 each of which has ex-
perimental support.7,8 These are very similar except in quan-
titative detail, but the square packing is somewhat simpler
conceptually and is easier to handle algebraically, especially
once the molecules are allowed to tilt. Two directions of tilt
were treated previously: one in the plane containing nearest-
neighbor molecules and one containing next-nearest-
eighbors.4–6 Molecular dynamics simulations indicate a
preference for next-nearest-neighbor tilt starting from trian-
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gular packing,9 as might be expected since there is more
room to tilt in that direction, but systematic studies show that
coupling between tilt and lattice distortion plays an impor-
tant role in determining film structure and phase
transitions.10,11 In practice, nearest-neighbor and next-
nearest-neighbor tilt produce very similar results, but next-
nearest-neighbor tilt from triangular packing and nearest-
neighbor tilt from square parking both produce monoclinic
structures that are simpler conceptually and easier to handle
algebraically than the triclinic structures produced by the al-
ternative directions of tilt. Hence in the present work we start
from triangular packing and next-nearest-neighbor tilt to
yield the simplest representative film structures. Within each
layer we treat each molecule as a string ofs spherical beads
or submolecules labeledj 51,...,s. This serves to represent
the elongated molecules that typically form Langmuir–
Blodgett films. From previous work, a values55 is ad-
equate, since larger values yield little change.4 Films consist-
ing of molecules with uniform and nonuniform distributed
molecular response are treated. To represent the distribution
of polarizability and first hyperpolarizability within a mol-
ecule, we allow one bead to have a higher response than the
others. Typically this bead would be the chromophore con-
tained in a hydrophilic head group, while the other beads
constitute a hydrophobic tail. Identifying a head group makes
it easier to identify the relative orientation of a layer, al-
though even molecules with uniform response must have a
specified axis direction in order to have nonzero first hyper-
polarizability and hence nonzero quadratic nonlinear optical
~NLO! response. This becomes significant once multilayers
are considered. When successive layers are identical, we
have a modelX- or Z-type film ~see Fig. 1!, which is neces-
sarily NLO-active, if the molecules are active. When succes-
sive layers alternate in the direction perpendicular to the
film, we have a modelY-type film, which is necessarily
NLO-inactive for an even number of layers and zero tilt~nor-
mal packing!. For Y-type bilayers we can consider two dif-
ferent arrangements, with the heads apart@ s in Fig. 1~a!# or
with the heads together. Then both theseY-type arrange-
ments are NLO-inactive regardless of the number ofY-type
bilayers. For tilted films we consider two types of packing.
In the first packing, the molecules in successive layers are
tilted in the same direction, so that the molecular axes are
parallel or antiparallel~both referred to as parallel packing
for brevity!. In the other packing the molecules in successive
layers are tilted in opposite directions~referred to as herring-
bone packing!. A parallel packing can be arranged in various
ways depending on which submolecule we chose to rotate
about. For example, rotation about the last submolecule in
one layer and the first submolecule in the adjacent layer cre-
ates a different arrangement compared with rotation about
the first submolecule in each layer. In this work we have
chosen the first example resulting in the parallel arrangement
shown in Fig. 1~b!. For multilayers, as explained later, it is
convenient to treat molecules in all layers that interact sig-
nificantly as belonging to one crystallographic unit cell,
which may be larger than the primitive unit cell~see Sec.
IV !.
III. THEORY
Unit cell l in layer g contains one molecule, by con-
struction, with submoleculesj, so that (lg j) defines a
unique submolecule at positionrlg j . Translational symmetry
within a layer means that molecular properties are indepen-
dent of l. The submolecules have polarizabilitiesag j and
first hyperpolarizabilitiesbg j , and the volume per molecule
is v.
A uniform electric fieldE0 is applied to the film, consis-
tent with applying a light wave of wavelength much greater
than the unit cell edge and the film thickness. We first con-
sider linear response. Submoleculeg j then acquires a dipole
moment given by
pg j5ag j•Fg j , ~1!
whereFg j is the local polarizing electric field, which is in-
dependent ofl. For N layers, the linear polarization is given
by
P~1!5(
g j
pg j /Nv. ~2!
This quantity relates the usual macroscopic fieldE to E0
through6
E5E02n~n•P~1!!/e0 , ~3!
wheren is the unit vector normal to the film. The polariza-
tion is also related to the macroscopic field through
P~1!5e0x
~1!
•E, ~4!
FIG. 1. Pictorial representation of monolayer arrangement in~a! different
types of Langmuir–Blodgett films,~b! molecular packing, and~c! tilted
films in different packing. The subscripts ‘‘p’’ and ‘‘ h’’ refer to parallel and
herringbone packing, respectively.
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where x(1) is the linear electric susceptibility, one of the
targets of the present calculations. It yields the relative per-
mittivity er as 11x
(1), whence the refractive indexne in a
direction defined by unit vectore is obtainable as
1/ne
25e•~er !
21
•e. ~5!
The local electric field is given by
Fg j5E1 (
g8 j 8
Lg j ,g8 j 8•pg8 j 8 /e0Nv. ~6!
HereLg j ,g8 j 8 is a planewise Lorentz-factor tensor given by
6
Lg j ,g8 j 85Tg j ,g8 j 81nndgg8 , ~7!
whereTg j ,g8 j 8 is the dimensionless planewise dipole tensor
sum
Tg j ,g8 j 85
Nv
4p (l8,~lgÞl8g8!
¹¹S 1r D U
r5rlg j2rl8g8 j 8
. ~8!
This sum is independent ofl because translational symmetry
ensures that the summand depends only on the difference
l2l8. The restriction on the sum excludes contributions
from coincident points~lg5l8g8 with j 5 j 8! and from dif-
ferent submolecules on the same molecule~lg5l8g8 with
j Þ j 8!, since a molecule does not polarize itself.
Substitution in Eq.~6! for the local fields from Eq.~1!
gives a set of equations that can be solved to relate the local
fields to the macroscopic field. The result can be expressed
as follows:
Fg j5dg j•E, ~9!
wheredg j is the local-field tensor given by
dg j5 (
g8 j 8
Dg j ,g8 j 8 , ~10!
Dg j ,g8 j 85~ I2L•A!g j ,g8 j 8
21 . ~11!
Here the matrices on the right hand side are of order 3Ns,
whereN is the number of unit cells per crystallographic unit
cell ands the number of submolecules per molecule.I is the
unit matrix with 333 submatricesldgg8d j j 8 ; L is the
Lorentz–factor matrix with 3 3 submatricesL(g j ,g8 j 8);
and A is the polarizability matrix with 3 3 submatrices
a(g j)dgg8d j j 8 , where a(g j) is the dimensionless reduced
polarizability a(g j)/e0Nv. From Eqs.~2!, ~4!, and ~9!, the
linear susceptibility can be expressed as
x~1!5(
g j
ag j•dg j , ~12!
which with Eqs.~10! and ~11! leads to
x~1!5 (
g j ,g8 j 8
~A212L!g j ,g8 j 8
21 . ~13!
These results are developments of those derived
previously,6,12 with now the macroscopic electric field de-
fined for the whole film rather than for each individual layer
~or for a film that comprised a single layer!. As a conse-
quence, the results are algebraically the same as for bulk
dielectric response in molecular crystals, withg replacing the
usual indexk for different molecules in the unit cell~which
is absent because our model has only one molecule in the
primitive unit cell!. In practice, the interactions between lay-
ers fall off so rapidly that coupling may be insignificant be-
yond two or three layers,4 as the calculations reported below
confirm. In that case it suffices to restrict the sum over layers
to those that interact significantly, withN suitably altered.
Formally, this occurs because the matrices for the complete
film in Eq. ~13! reduce to a bordered form such thatg8 is
restricted to a few values either side ofg; for a given value of
g2g8 ~i.e., along the diagonal or one of its borders!, the
values are the same, and so the sum overg gives the same
values for allg except wheng lies close to the film surface.
A further consequence is that it is possible to evaluate the
results forN layers by treating the multilayer film as a single
layer consisting of unit cellsN layers thick that containN
molecules~see below!.
We now consider quadratic response. This leads to a
quadratic polarizationP(2) that is related to the macroscopic
electric field by
P~2!5e0x
~2!:EE, ~14!
wherex(2) is the quadratic electric susceptibility. The fore-
going development of the previous treatments of linear re-
sponse is readily extended to the previous treatment of non-
linear response,5 to yield
x~2!5(
g j
bg jAdg jdg jdg j , ~15!
wherebg j5bg j /e0Nv is a reduced first hyperpolarizability.
This expression uses the linear local-field tensors but ac-
counts fully for the nonlinear local field, as indicated by the
presence of three local field tensors when two might have
been expected for quadratic response: the additional factor
comes from combining quadratic response to the linear local
field with linear response to the nonlinear local field.
IV. CALCULATION DETAILS
An existing program developed locally was used for our
calculations. In treating multilayers, it is convenient to use a
multilayer unit cell structure that is the same thickness as the
whole multilayer. This automatically handles all the interac-
tions between layers.
The multilayer unit cell for zero tilt consists ofN layer
unit cells arranged perpendicular to the layers. The unit cell
then contains one molecule. Thus, the submolecule fractional
coordinates of a multilayer unit cell withN51 are @0,0,(j
21)/s#, where j 51,...,s. For a multilayer unit cell withN
.1 the submolecular fractional coordinates are
first layer: 0,0,~ j 21!/Ns,
~16!
subsequent layers: 0,0,@s~G21!1~ j 21!#/Ns,
where j 51,...,s andG52,...,N labels the layers. Multilayer
effects were studied by varying the number of layers be-
tween one and five, with a molecule consisting of two sub-
molecules and no tilt. The molecular response was aniso-
tropic with the response along the molecular axis~in the z
direction! linearly proportional to the number of submol-
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ecules, as described in previous work.4,5 The values for the
reduced polarizability and first hyperpolarizability per mol-
ecule are given in Table I. These quantities were kept con-
stant to allow comparison between results with varyingN.
Once tilt is admitted, it is more convenient to use a
monoclinic multilayer unit cell that consists of two unit cells
arranged perpendicular to the layers~only the first two layers
interact significantly as we will show in Sec. V A!. The layer
unit cell contains two molecules each consisting of five sub-
molecules. The submolecule coordinates of the molecules
are
layer 1: 0,0,~ j 21!/10 and 0.5,0.5,~ j 21!/10,
~17!
layer 2: 0,0,@51~ j 21!#/10 and 0.5,0.5,
@51~ j 21!#/10,
wherej 51,...,5. The molecules were tilted in thexz plane at
two angles, 20° and 40°.X-, Y-, andZ-type films with uni-
formly and nonuniformly distributed molecular response
were used. In films with a nonuniform distribution, the mo-
lecular response of the head submolecule was taken as four
times the total response of the submolecules forming the tail,
in all directions. Note, this is an extreme case of distributing
the response, which differs with previous13 and future
work.14 The total reduced polarizability and first hyperpolar-
izability in the multilayer unit cell as a function of angle of
tilt are given in Table I. Since tilt occurs in thexz plane, the
yy component of the reduced polarizability and first hyper-
polarizability are constant. ForY-type films it is necessary to
transform the molecular response for one layer in the
multilayer unit cell. For example, for a parallel packed
Y-type film,Yp , the directions of thex- andz-axes have to be
changed in one layer, whereas for a herringbone packed
Y-type film, Yh , only the direction of thez-axis has to be
altered. Axis directions were changed using appropriate
transformation matrices. It is important to realize that, re-
gardless of axis transformations, the film Cartesian axes are
defined independent of the type of film and its packing.
V. RESULTS
The different types of monolayer arrangement forX-, Y-
andZ-type films were described in Sec. III. In the following
sections the results for the local-field tensor, refractive index,
and quadratic susceptibility of untilted films are compared to
two angles of tilt, 20° and 40°. Films with uniform and non-
uniform molecular response are compared. The total reduced
polarizability and first hyperpolarizability do not change with
the angle of tilt. The effect of packing the layers in the unit
cell on the results is also explored. For tilted films, the par-
allel and herringbone packing reduce to the normal packing
for zero tilt. The arrangement or sequence of the layers in the
multilayer unit cell has an effect on the linear and nonlinear
optical properties, since the interacting submolecules of the
head and tail are located at a different distance. For example,
the distance between heads is larger in aYp film compared
with a Yh film.
A. Number of layers
Figure 2 shows the variation of thezz component of the
local field, the refractive index in thez direction, and thezzz
component of the quadratic susceptibility with the number of
TABLE I. Components of the reduced polarizabilityaab and first hyperpolarizabilitybabg /pm V
21 as a
function of tilt u from the vertical. Only independent nonzero components are shown.
u
aab babg
xx xz yy zz xxx xyy xzz zxx zyy zzz
0° 0.200 0 0.200 1.000 0 0 0 3.8 3.8 219.0
20° 0.294 0.257 0.200 0.906 22.68 21.30 7.88 0.23 3.57 214.51
40° 0.531 0.394 0.200 0.669 0.75 22.44 9.02 26.71 2.91 24.93
FIG. 2. Dependence of~a! local field tensor~zz component!, ~b! refractive
index ~z component!, and ~c! quadratic susceptibility~zzz component! on
the number of monolayers~not tilted! in the multilayer unit cell for
Langmuir–Blodgett films with uniform distributed polarizability and first
hyperpolarizability.
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layers in the multilayer unit cell. The other components of
these properties show similar dependence. Increasing the
number of layers per multilayer unit cell from one to two
shows the largest change in the properties. Multilayer unit
cells with three or more layers result in a smaller change.
This is in agreement with previous work4 using a single lay-
ered multilayer unit cell which established that significant
dipolar interactions extend only to adjacent layers.
B. Uniform molecular response
Local-field tensor
The local field tensor components for Langmuir–
Blodgett films with uniform molecular response are shown in
Table II. Since tilt occurs in thexz plane,dyy remains ap-
proximately constant for all angles of tilt and all types of
films. Bothdxx anddzz increase with increasing angle of tilt:
they follow the tilt. The componentdxx is independent of the
type of film but dependent on the type of molecular packing,
changing more for parallel packing than for herringbone
packing.dzz is independent of the type of film and packing.
Introducing tilt leads to off-diagonal components in parallel
packed films. This is not observed for herringbone packed
films. Each individual layer in these films has off-diagonal
components, but they are equal and opposite for alternating
layers. Thus, the sum amounts to zero, as expected for the
overall orthogonal unit cell of the herringbone packing.
Refractive index
The refractive indices were calculated using Eq.~5!,
with the relative permittivity tensor constructed from the lin-
ear susceptibility tensor. The results that we discuss are
given in the film Cartesian axes rather than the principal
optical axes. We chose to tabulate the refractive indices in
these axes since they are the linear quantities most likely to
be measured.
As expected,ny is independent of tilt~see Table III!,
since tilt occurs in thexz plane. On the other hand,nx in-
creases with the angle of tilt and is independent of the type
of film, while nz decreases with tilt for parallel packed films,
but increases with tilt for herringbone packed films.X- and
Y-type films with the same packing behave similarly since
they are equal in composition except for the specified axis
direction. For example, in aXh-type film the x-axis direc-
tions of the layers are opposite, while in aYh-type film, the
z-axis directions of the layers are opposite. Thus the molecu-
lar response of one of the layers is transformed in thex
direction for aXp-type and in thez direction for aYh-type
film. This leads to a sign change in the off-diagonal compo-
nents of the molecular polarizability for one of the layers.
Since tilt occurs in thexz plane a sign change in eitherx or
z leads to similar results in the linear susceptibility. Parallel
packed films have nonzero off-diagonal components for the
local field tensor. Furthermore,dzz and the reduced polariz-
ability are independent of the type of film. Hence, the de-
crease innz for parallel packed films and the increase innz
for herringbone packed films can be explained through the
effect of the off-diagonal local-field tensor components.
Nonzero off-diagonal local-field tensor components increase
with the tilt angle, leading to a decrease innz with tilt,
whereas zero off-diagonal components lead to an increase in
nz with tilt.
Quadratic susceptibility
The results for the quadratic susceptibility are given in
Table IV. First we consider untilted films.X- and Y-type
films are not equivalent, and this is reflected in the results.
An untilted Y-type film is centrosymmetric, with a center of
inversion, and is necessarily NLO-inactive. Tilted films have
different optical response. ForX-type film with 20° tilt we
ote that all nonzero components are larger than the reduced
first hyperpolarizability except for thezzzcomponent. This
is also valid for 40° tilt except that here we observe a sign
change forxxx andzzz. This behavior can also be seen for
TABLE II. Components of the local field tensordab as a function of tiltu
from the vertical in Langmuir–Blodgett films. Comparison between inde-
pendent nonzero components~in the film Cartesian axes! of films with uni-
form molecular response. Subscripts indicate the packing in the multilayer
unit cell, p refers to parallel andh refers to herringbone packing.
Type u
ab
xx xz yy zx zz
Xp 0° 1.109 0 1.109 0 1.024
20° 1.197 0.265 1.103 0.071 1.144
40° 1.354 0.383 1.090 0.373 1.471
Xh 0° 1.109 0 1.109 0 1.024
20° 1.150 0 1.103 0 1.149
40° 1.213 0 1.090 0 1.475
Yp 0° 1.109 0 1.109 0 1.024
20° 1.197 0.265 1.103 0.071 1.144
40° 1.354 0.383 1.090 0.373 1.471
Yh 0° 1.109 0 1.109 0 1.024
20° 1.150 0 1.103 0 1.144
40° 1.213 0 1.090 0 1.475
TABLE III. Refractive index n of Langmuir–Blodgett films in different
directions as a function of tiltu from the vertical. Comparison between
components along the film Cartesian axes of films with uniform molecular
response. Subscripts indicate the packing in the multilayer unit cell,p refers
to parallel andh refers to herringbone packing.
Type u
Direction
x y z
Xp 0° 1.105 1.105 1.423
20° 1.142 1.105 1.415
40° 1.257 1.104 1.344
Xh 0° 1.105 1.105 1.423
20° 1.142 1.105 1.451
40° 1.255 1.104 1.464
Yp 0° 1.105 1.105 1.423
20° 1.142 1.105 1.415
40° 1.257 1.104 1.344
Yh 0° 1.105 1.105 1.423
20° 1.142 1.105 1.451
40° 1.255 1.104 1.464
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Y-type films, except that some components cancel, owing to
opposing contributions from the individual layers. In a tilted
herringbone packedX-type film, Xh , the x-axis direction is
transformed for one of the layers, resulting in components
with an odd number ofx becoming zero. As mentioned be-
fore, this occurs because individual layer contributions can-
cel. Tilting aY-type film into a parallel packing changes the
symmetry to a mirror plane. Since this plane contains thex-
andy-axes, individual layer components with an odd number
of z indices are equal and opposite. Thus, the film total~the
sum over the layer components! has to be zero. Tilting a
Y-type film into a herringbone packing does not alter the
symmetry, and the film remains centrosymmetric, as the re-
sults show.
Effect of molecular packing
We already mentioned that parallel and herringbone
packed films reduce to the normal packing for zero angle tilt.
This can be used to assess the effect of molecular packing.
The xx components of the local field tensor are larger in the
parallel packing than in the herringbone packing. Nonzero
off-diagonal components are only observed in parallel
packed films. All other components are equal for both types
of packing. Thez component of the refractive index in-
creases with tilt for herringbone packed films and decreases
with tilt for parallel packed films. This is a result of nonzero
off-diagonal local-field tensor components for parallel
packed films. Figure 3 shows a comparison between thezzz,
zxx, andxzzcomponents ofx (2) as a function of angle of tilt
for X-type films. The figure shows that thezzz component
follows the same pattern for both packings. As the angle of
tilt is increased,x (2) become less negative and for a tilt of
40° a sign change is observed. Thezxx component is more
affected by tilt for herringbone packing than for parallel
packing. A herringbone packed film has a zeroxzz compo-
nent, while in a parallel packed film a steady increase with
tilt is noted.
The difference in the magnitude of thex (2) components
can be attributed to nonzero off-diagonal components in the
local-field tensor for parallel packed films. Off-diagonal
components are absent for herringbone packed films. De-
tailed analysis reveals that the impact of off-diagonal com-
ponents is smaller for thezzz component than for thezxx
component, which is in excellent agreement with Fig. 3.
C. Nonuniform molecular response
We now consider Langmuir–Blodgett film with a non-
uniform distributed molecular response. We start with a
comparison betweenX-, Y-, andZ-type packings. According
to our convention, aY-type film consists of two monolayers
arranged in such a manner that the polar heads are furthest
apart ~see Fig. 1!. As was mentioned in Sec. II a different
arrangement exists in which the polar heads are closest to-
gether, referred to asY8-type. We compare these two ar-
rangements.
Local-field tensor
The results for the local-field tensor of parallel and her-
ringbone packed films are shown in Table V. For all types of
films dxx and dzz increase with tilt, whiledyy decreases
TABLE IV. Components of the quadratic susceptibilityxabg /pm V
21 of
Langmuir–Blodgett films as a function of tiltu from the vertical. Compari-
son between independent nonzero components~i the film Cartesian axes!
of films with uniform molecular response. Subscripts indicate the packing in
the multilayer unit cell,p refers to parallel andh refers to herringbone
packing.
Type u
abg
xxx xyy xzz zxx zyy zzz
Xp 0° 0 0 0 4.78 4.78 220.52
20° 24.39 21.58 11.24 0.82 4.54 213.66
40° 27.05 22.64 15.72 27.30 3.97 2.22
Xh 0° 0 0 0 4.78 4.78 220.52
20° 0 0 0 23.61 4.54 213.60
40° 0 0 0 218.68 3.94 2.80
Yp 0° 0 0 0 0 0 0
20° 0 0 0 0 0 0
40° 0 0 0 0 0 0
Yh 0° 0 0 0 0 0 0
20° 23.69 22.39 13.67 0 0 0
40° 7.46 24.12 14.62 0 0 0
FIG. 3. Variation of quadratic susceptibility with tilt in thexz plane for
Langmuir–Blodgett films with uniform distributed molecular response.~a!
zzz, ~b! zxx, and ~c! xzz components. Normal, parallel, and herringbone
refer to different ways of packing in the multilayer unit cell as explained in
the text.
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slightly. X- andZ-type films behave similarly, since they are
equivalent in composition except for the direction of their
z-axis. The distance between head and tail groups in succes-
sive monolayers is equal. Thus, similar local-field tensor
components for untilted and tilted films are observed for both
types of packing. InY-type films the distance between the
head and tail groups in successive monolayers is different
compared toX- and Z-type films. In addition to this, the
z-axis directions of successive monolayers are opposite. This
is reflected in the results. In comparison toX- and Z-type
films, aY-type film has largerxx, similar xz, yy and smaller
zx andzzcomponents. This is most prominent for the largest
angle of tilt. In contrast to these observations aY8-type film
shows exactly the opposite; smallerxx, similar xz, yy and
largerzx andzz components. From these results we deduce
the following: dzz varies inversely with the interlayer dis-
tance between the heads inz direction, whereasdxx varies
directly with the interlayer separation between the heads in
the x direction. The observed trends are valid for both types
of molecular packing, but the magnitude of the individual
components changes with the type of packing. In a herring-
bone packedY-type film, tilt does not lead to off-diagonal
components, owing to the mirror plane. The off-diagonal
components of the layers are equal but opposite in sign and
thus cancel. Parallel packedY- and Y8-type films are cen-
trosymmetric, and hence zero off-diagonal components are
expected. The nonzero off-diagonal components are a result
of transforming the polarizability tensor in thex andz direc-
tion for one of the layers, but this does not lead to any sign
changes, as discussed in the previous section. We note that
the magnitude of thexx components is larger for parallel
packedX-, Y-, andZ-type films than for herringbone packed
films. All other components are approximately equal in mag-
nitude. ForY8-type films thexx component is larger in a
parallel packing, but thezz component is largest in the her-
ringbone packing. This becomes more evident for the largest
angle of tilt. These differences can be explained in the fol-
lowing way. InX- andZ-type films, the distance between the
heads is independent of the type of packing. Hence, the
change indxx is due to head–tail interactions. The head–tail
distance between adjacent layers is shorter in a herringbone
packing resulting in a smallerdxx . In a Y-type film the
head–head distance changes, but since head–head interac-
tions are likely to be small~due to their large separation!,
these changes are also caused by head–tail interactions. The
decrease indxx for Y8-type film can be explained along simi-
lar lines, since the head–tail distance changes.dzz shows a
small increase forX- and Z-type films in the herringbone
TABLE VI. Refractive index n of parallel and herringbone packed
Langmuir–Blodgett films in different directions as a function of tiltu from
the vertical. Comparison between components along the film Cartesian axes
of films with nonuniform molecular response.Y8 indicatesY-type films with
the heads in successive layers at the shortest distance, whereasY indicates
Y-type films with the heads at the largest distance.
Packing Type u
Direction
x y z
Parallel X 0° 1.128 1.128 1.239
20° 1.165 1.125 1.236
40° 1.300 1.118 1.216
Y 0° 1.128 1.128 1.239
20° 1.165 1.125 1.235
40° 1.301 1.119 1.215
Y8 0° 1.127 1.127 1.241
20° 1.163 1.124 1.239
40° 1.287 1.115 1.226
Z 0° 1.128 1.128 1.239
20° 1.165 1.125 1.236
40° 1.300 1.118 1.216
Herringbone X 0° 1.128 1.128 1.239
20° 1.165 1.125 1.249
40° 1.300 1.118 1.274
Y 0° 1.128 1.128 1.239
20° 1.165 1.125 1.248
40° 1.301 1.119 1.270
Y8 0° 1.127 1.127 1.241
20° 1.163 1.124 1.254
40° 1.276 1.115 1.308
Z 0° 1.128 1.128 1.239
20° 1.165 1.125 1.249
40° 1.300 1.118 1.274
TABLE V. Components of the local field tensordab as a function of tiltu
from the vertical in parallel and herringbone packed Langmuir–Blodgett
films. Comparison between independent nonzero components~in he film
Cartesian axes! of films with nonuniform molecular response.Y8 indicates
Y-type films with the heads in successive layers at the shortest distance,
whereasY indicatesY-type films with the heads at the largest distance.
Packing Type u
ab
xx xz yy zx zz
Parallel X 0° 1.125 0 1.125 0 1.031
20° 1.176 0.132 1.115 0.055 1.089
40° 1.288 0.211 1.093 0.271 1.273
Y 0° 1.126 0 1.126 0 1.029
20° 1.177 0.133 1.116 0.054 1.087
40° 1.299 0.215 1.096 0.260 1.259
Y8 0° 1.123 0 1.123 0 1.033
20° 1.173 0.133 1.113 0.057 1.095
40° 1.269 0.209 1.087 0.281 1.298
Z 0° 1.125 0 1.125 0 1.031
20° 1.176 0.132 1.115 0.055 1.089
40° 1.288 0.211 1.093 0.271 1.273
Herringbone X 0° 1.125 0 1.125 0 1.031
20° 1.158 0.001 1.115 20.001 1.090
40° 1.221 0.005 1.093 20.008 1.275
Y 0° 1.126 0 1.126 0 1.029
20° 1.159 0 1.116 0 1.087
40° 1.231 0 1.096 0 1.259
Y8 0° 1.123 0 1.123 0 1.033
20° 1.154 0 1.113 0 1.095
40° 1.193 0 1.087 0 1.332
Z 0° 1.125 0 1.125 0 1.031
20° 1.158 20.001 1.115 0.001 1.090
40° 1.221 20.005 1.093 0.008 1.275
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packing compared with the parallel packing, whereas a larger
increase can be seen for theY8-type film. At the moment we
are not able to explain this increase indzz for Y8-type films.
Refractive index
The refractive indices are tabulated in Table VI for par-
allel and herringbone packing. The tables clearly show that it
is not possible to distinguish betweenX, Y, andZ-type films
solely by inspection of the refractive indices.nx and ny in-
crease with tilt for both packings, whilenz increases with tilt
for the parallel packing, but decreases with tilt for the her-
ringbone packing. In the previous section it was established
that the off-diagonal local-field tensor components are re-
sponsible for this behavior. Nonzero off-diagonal compo-
nents~for parallel packing! result in a decrease innz with tilt,
whereas zero off-diagonal components~for herringbone
packing! lead to an increase inz with tilt. X-, Y-, andZ-type
films seem to exhibit the same linear response as a result of
the nearly equal local-field tensor components. The linear
response ofY8-type films is different fromX-, Y-, andZ-type
films. This can be attributed to the difference in local-field
tensor components.
Quadratic susceptibility
The results for the quadratic susceptibility for nonuni-
form response are shown in Table VII for parallel and her-
ringbone packing.Y- andY8-type films are centrosymmetric
in untilted and parallel tilted packing. This leads to zero qua-
dratic susceptibility components as shown in Table VII. The
individual components of successive layers are equal but op-
posite, thus resulting in zero sum.X- and Z-type films are
noncentrosymmetric and are equivalent except that their re-
spectivex- andz-axes are in opposite directions. This is re-
flected in the results, with the quadratic susceptibilities ofX-
and Z-type films differing only in sign.xxxx
(2) is largest at
nearly 52 pm V21, which is considerably larger than thexxx
component of the reduced first hyperpolarizability~0.75 pm
V21!. Note,x (2) is calculated using Eq.~15! which involves
all components of the local field tensor and the reduced first
hyperpolarizability.
For herringbone packing, the symmetry ofY- and
Y8-type films reduces to a single mirror plane, and hence the
films are NLO-active, as can be seen from Table VII. In this
arrangement the mirror plane contains thex- andy-axes. The
directions of thez-axes of successive layers are opposite,
with the result that components containingz an odd number
of times are zero. These films exhibit largexxx components,
TABLE VII. Components of the quadratic susceptibilityxabg /pm V
21 of parallel and herringbone packed
Langmuir–Blodgett films as a function of tiltu from the vertical. Comparison between independent nonzero
components~in the film Cartesian axes! of films with nonuniform molecular response.Y8 indicatesY-type films
with the heads in successive layers at the shortest distance, whereasY indicatesY-type films with the heads at
the largest distance.
Packing Type u
abg
xxx xyy xzz zxx zyy zzz
Parallel X 0° 0 0 0 3.33 3.33 27.31
20° 27.00 24.93 3.41 22.94 2.49 25.16
40° 51.78 29.17 0.28 27.49 0.66 22.14
Y 0° 0 0 0 0 0 0
20° 0 0 0 0 0 0
40° 0 0 0 0 0 0
Y8 0° 0 0 0 0 0 0
20° 0 0 0 0 0 0
40° 0 0 0 0 0 0
Z 0° 0 0 0 23.33 23.33 7.31
20° 7.00 4.93 23.41 2.94 22.49 5.16
40° 251.78 9.17 20.28 7.49 20.66 2.14
Herringbone X 0° 0 0 0 3.33 3.33 27.31
20° 20.005 20.004 0.016 23.98 2.48 25.14
40° 0.35 20.025 0.066 27.64 0.60 21.98
Y 0° 0 0 0 0 0 0
20° 25.61 25.28 4.09 0 0 0
40° 59.46 29.43 9.05 0 0 0
Y8 0° 0 0 0 0 0 0
20° 25.30 25.08 4.13 0 0 0
40° 46.26 28.14 0.13 0 0 0
Z 0° 0 0 0 23.33 23.33 7.31
20° 20.005 20.004 0.016 3.98 22.48 5.14
40° 0.35 20.025 0.066 7.64 20.60 1.98
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nearly 60 pm V21 for Y-type films and approximately 46 pm
V21 for Y8-type films. Thexzz component is very close to
zero forY8 films, whereas this is about 9 pm V21 for Y-type
films. Comparing herringbone packedX- and Z-type films,
we find that components that containx an odd number of
times are equal both in magnitude and sign, while those that
containz an odd number of times are equal in magnitude but
opposite in sign. This can be explained by examining the
respective axis directions of the individual layers. Both types
of film have oppositez-axis directions for successive layers.
Hence, the quadratic susceptibility components of the indi-
vidual layers will be opposite in sign but not in magnitude
since the structure is not centrosymmetric. Therefore, the
sum of the layer contributions will be nonzero, but small.
The z-axis direction of successive layers in bothX- and
Z-type films are similar, but differ in sign, and so the qua-
dratic susceptibility components that containz an odd num-
ber of times will be equal in magnitude, but opposite in sign.
Figure 4 shows the data forX-, Y-, andZ-type films in Table
VII more clearly. It is obvious thatX- andZ-type films mir-
ror each other for both types of packing and all angles of tilt
for the zzz and zxx components. Thezzz components de-
crease with tilt, whereas thezxx components increase with
tilt. The difference between parallel and herringbone packing
can be attributed to local-field tensor off-diagonal compo-
nents, as already explained in Sec. V B. All displayed com-
ponents forY-type films are zero except thexzz component
which is nonzero for herringbone packing. For herringbone
packedX- andY-type films the figure clearly shows that the
xzzcomponents are equal in magnitude and sign.
Effect of molecular packing
The effect of molecular packing is similar to the obser-
vations made for films with uniform molecular response.
Parallel packed films have nonzero off-diagonal local-field
tensor components, whereas herringbone packed films have
zero off-diagonal components. Of the other components only
the xx components change in magnitude. They increase less
with tilt for herringbone packing than for parallel packing.
For the refractive index it was found that except forY8-type
films thex andy components do not change with the pack-
ing. ny is larger for the largest angle of tilt for parallel pack-
ing, while nz behaves along similar lines as films with uni-
form molecular response, increasing with ilt for herringbone
packing and decreasing for parallel packing. For the qua-
dratic susceptibility the most prominent changes occur in the
components that containx an odd number of times.Y- and
Y8-type films are not centrosymmetric for herringbone pack-
ing as opposed to parallel packing and exhibit sizeable com-
ponents especially forxxx. For X- andZ-type films the larg-
est component~xxx for parallel packing! reduces to nearly
zero for herringbone packing. All other components remain
independent of the type of packing.
D. Comparison between uniform and nonuniform
distributed response
A X-type film with nonuniform distributed molecular re-
sponse can be compared with anX-type film with uniform
distributed molecular response. A similar comparison is pos-
sible for Y-type films. The conclusions forX-type films are
also valid forZ-type films, since they are equivalent in struc-
ture except for the direction of thez-axis. Figures 5 and 6
show the local-field tensor and refractive index forX-type
films with uniform ~solid lines and circles! and nonuniform
~dotted lines and squares! distributed molecular response, re-
spectively. The information for the quadratic susceptibility
can be obtained from Tables IV and VII. The observed
trends for packing and tilt for the local-field tensor and re-
fractive are the same for uniform and nonuniform distribu-
tion. However, the magnitude of the individual components
depends on how the molecular response is distributed. Thus,
in general, a uniform distributed polarizability leads to a
larger local-field tensor and quadratic susceptibility~except
for xxx andxyy!. The refractive indices are larger for non-
uniform response, with the exception ofnz . Comparison be-
tweenY-type films leads to similar observations.
VI. DISCUSSION AND CONCLUSIONS
The calculations discussed in this article take us signifi-
cantly closer towards calculating the optical response of re-
alistic Langmuir–Blodgett films. We have used highly sim-
plified model Langmuir–Blodgett films to gain insight into
the difference in optical response forX-, Y-, andZ-type films.
FIG. 4. Variation of quadratic susceptibility with tilt in thexz plane. ~a!
zzz, ~b! zxx, and ~c! xzz components. Three types of Langmuir–Blodgett
films with nonuniform distributed polarizability and first hyperpolarizability
are compared,X-type ~solid lines and circles!, Y-type ~dotted lines and
squares!, and Z-type ~dashed lines and plus signs!. Normal, parallel, and
herringbone refer to different ways of packing in the multilayer unit cell as
explained in the text.
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The film-forming molecules in these films are usually am-
phiphilic in nature, i.e., they consist of a hydrophilic head
group and a hydrophobic tail. This implies that the molecular
response is nonuniformly distributed over the molecule. In
order to asses the effect of distributing the molecular re-
sponse we started our investigations with films with a uni-
form molecular response. The picture that emerges for tilted
films with uniform distributed molecular response is the fol-
lowing: the local-field tensor and refractive index are inde-
pendent of the type of film, but dependent on the type of
molecular arrangement in the multilayer unit cell. The differ-
ence between parallel and herringbone packing lies in the
distance between the submolecules in adjacent layers. In this
type of material under the conditions assumed here, the
dominant interaction between molecules is dipolar. Thus, a
difference in distance between different types of molecular
packing will affect the dipole tensor sum. In turn the dipole
tensor sum will affect the local-field tensor. This quantity
gives information in which way a material reacts to its envi-
ronment. We have established that the local-field tensor
plays an important role in the trends observed for the refrac-
tive index and the quadratic susceptibility. In general it was
found that the local-field tensor components increase with
the angle of tilt, except fordyy . Nonzero off-diagonal com-
ponents were found only for parallel packing, since herring-
bone packing has a single mirror plane. Thex andz compo-
nents of refractive index increase with tilt for herringbone
packing, whereas for parallel packing thex component in-
creases and thez component decreases with tilt. It was es-
tablished that this behavior is a result of the nonzero off-
diagonal local-field tensor components for parallel packing.
The quadratic susceptibility depends on both the type of film
and its packing. The results reflect the fact thatXp-type films
are noncentrosymmetric,Xh andYh have a mirror plane, and
Yp is centrosymmetric. Sizeable components between 15 and
20 pm V21 for tilted films are found in all type of films,
except forYp . For tilted films in which the molecular re-
sponse is concentrated in the polar heads~of the film-
forming molecules! the distance between the heads in adja-
cent layers affect the results in the following way. Thezz
component of the local-field tensor varies inversely with the
distance in thez direction between the heads in adjacent
layers, whereas thexx component varies directly with the
distance between the heads in thex direction. The influence
of the type of packing on the results is similar to that ob-
served for films with uniform molecular response. Here, we
discuss the effect of the changes in the distance between the
head and tail groups in adjacent layers. In fact, the difference
in the magnitude of the local-field tensor components be-
tween both types of packings is a result of head–tail interac-
tions. The local-field tensor components can be ordered with
respect to their head–head distance. The head–head dis-
FIG. 6. Comparison between refractive index for Langmuir–Blodgett films
with uniform ~solid lines and circles! and nonuniform~dotted lines and
squares! distributed molecular response.~a! z, ~b! y, and~c! x components.
Normal, parallel, and herringbone refer to different ways of packing in the
multilayer unit cell as explained in the text.
FIG. 5. Comparison between local field tensor for Langmuir–Blodgett films
with uniform ~solid lines and squares! and nonuniform~dotted lines and
squares! distributed molecular response.~a! zz, ~b! zx, and~c! xx compo-
nents. Normal, parallel, and herringbone refer to different ways of packing
in the multilayer unit cell as explained in the text.
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tances increases fromY8 throughX and Z until the largest
distance is found inY-type films. The refractive indices fol-
low this pattern, allowing for the effect of the off-diagonal
local-field tensor components. Similar observations can be
made for the quadratic susceptibility components. In films
with nonuniform molecular response it was expected that the
optical response ofY-type films would be enhanced if the
heads were placed adjacent, as opposed to being furthest
apart~Y8-type!. Our calculations show that this is valid only
for thezx andzzcomponents of the local-field tensor and the
z component of the refractive index. For all other compo-
nents and all nonzero components, the response ofY-type
films is larger than the response ofY8-type films.
A question worth asking is whether conventional
Langmuir–Blodgett films consisting of surfactant molecules
with polar head are indeed the best building blocks for cre-
ating optical active materials. These molecules have a non-
uniform distributed molecular response. But what about mol-
ecules with a more uniform distributed molecular response?
Block copolymers are a suitable example; they are interfacial
active and thus able to form monolayers, which are necessary
for constructing Langmuir–Blodgett films. Films consisting
of molecules with uniform and nonuniform distributed re-
sponse were compared in Sec. V D. However, the results do
not present us with a straightforward choice.
In a subsequent article,14 we address substrate effects on
the linear and quadratic optical response in model
Langmuir–Blodgett multilayers.
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